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TECHNICAL MEMORANDUM

EFFECT OF FLANGE BOLT PRELOAD ON SPACE SHUTTLE MAIN ENGINE

HIGH PRESSURE OXIDIZER TURBOPUMP HOUSING ANALYSIS

SUMMARY

Cracks at the seal fillet flange and the strut pilot groove of primary turbine drain passage of

the space shuttle main engine (SSME) high pressure oxidizer turbopump (HPOTP) have been

observed and reported. Stress information for critical structural components in the SSME under

actual conditions is necessary for design and life prediction analysis. However, little information is

available about the stress distribution at this location under various combinations of Ioadings and

environments. Thus, a stress analysis was conducted to determine the influence of the various

operation and installation loads in the stresses of the HPOTP main mounting flange. To do this, a
three-dimensional (3-D) finite element model of the HPOTP housing was generated. A fairly

comfortable margin of stresses at the flange fillet with respect to the yield stress of lnconel 718 is

shown in this analysis. However, it was revealed that the bending stress arising from the housing

flange bolt preloads could significantly affect the stress distribution at the strut pilot groove of

primary turbine drain passage in the HPOTP housing. Consequently, the information obtained from

the present 3-D analysis results should be useful in guiding the development of the SSME HPOTP.

1.0 INTRODUCTION

The durability of the SSME system is strongly affected by the severe operating environ-

ment. The drain passage in the HPOTP housing flange is one of the critical structural components

in the SSME under a variety of environments. The details of the HPOTP system will not be

presented here (fig. I); however, the essentials of the HPOTP drain passage system will be recapi-

tulated for convenience (figs. 2 and 3). The HPOTP raises the pressure of the liquid oxygen to the

main injector and preburner injectors to ensure positive injection of oxidizer at all thrust levels.

Because the HPOTP is pumping liquid oxygen and is powered by hot, hydrogen-rich gas, extensive

shaft seals are needed between the pump and its turbine. The cavity between the primary turbine

seal and the secondary turbine seal is drained; the cavity between the secondary turbine seal and

the intermediate seal is drained; and the cavity between the intermediate seal and the pump seal is

drained, as shown in figures 4, 5, and 6. In addition, the cavity between the two elements of the

intermediate seal is purged before, during, and after engine operation. The purge flow splits to set

up two pressure barriers; leakage through the intermediate seal gaps and drain line leakages from

the above mentioned cavities [!].

In these drain systems, fillet locations between drain holes and the hot gas manifold seal

pilot groove in the HPOTP main mounting flange have historically experienced circumferential

surface cracks in various locations. It has been believed that these cracks are due to local yielding

in compression during the HPOTP installation into the SSME engine powerhead. Upon pump



removal from the powerheadand the relaxationof the installationpreloads,the residualstrain field
in theseregionschangesto tensionand reachesmagnitudessufficient for crackingto initiate by low
cycle fatigue (LCF). Note that the crackedregionof the HPOTPhousingflange is indicatedin
figure 7. Previously,this subjectwasstudiedwith the axisymmetricfinite elementmodels [2].
However, sincethe actualhardwareof the HPOTPhousinghashighly nonsymmetricgeometry,the
analysismodelsshouldclearly identify suchitems asgeometry,applied loads, materialtypes, and
other input references.Thus, taking into accountsuch items, the initial effort was to createa 3-D
finite elementmodel. The analysiswas thenperformedwith this modelusing an individual loading
andcombinedloadingsincluding the thermalloads. Finally, the detailedstressesand deflectionsof
the SSME HPOTPhousingwereobtainedfrom theseanalyses.

In summary,the purposeof this studywas to obtain the detailedstressesfrom a 3-D finite
elementmodelof the SSME HPOTPhousingand to seean influenceof the housingflange bolt
preloadson the stressfields at the housingflange fillet areas.

2.0 MODEL DESCRIPTION

A 3-D finite element ANSYS model of the HPOTP housing was constructed using eight-

node isoparametric elements by Lockheed [3]. However, since the Lockheed pump housing model

does not have housing flange bolt holes on the housing flange, the ANSYS model was revised to

include the flange bolt holes using the Intergraph system [4] and ANSYS [5]. In the revised

model, isoparametric hexhedron and solid wedge elements were also used like the Lockheed model.

The final model has 3,703 elements with 4,793 nodes. The detailed components of the model are

shown in figure 7 for the primary turbine drain system. For the presentation of analysis results,

locations of the pump housing drain system exit holes are identified in figure 8. Sections AA

(0 =26 °) and CC (0= 146 °) represent the primary turbine drain exit holes. Section DD (0=86" and

166 °) represent the secondary turbine drain, and sections BB and NN (0 = - 14°, -74 °, and

- !14 °) represent the primary oxidizer drain. The locations of radial drain holes and manifolds of

the primary turbine, secondary turbine, and primary oxidizer drains are identified in the cross-

sectional view of the HPOTP housing shown in figure 9. The circumferential location of radial

holes of the primary turbine, secondary turbine, and primary oxidizer drains is shown in figures 10

through 12, respectively l Cross-sectional views of the primary turbine, secondary turbine, and

primary oxidizer drains showing the drain exit and axial holes are presented in figures 13 through

i5 with the angle of station 0=26 °, 86 °, and -!14 °, respectively. The hidden line plot of a cut-

away view of the ANSYS 3-D finite element model of the HPOTP pump housing is shown in

figure 16 to show the internal structure. Note that the mixed coolant manifold has not been

included in the model of the pump housing.

3.0 MODEL LOADING

The scope of this work was to perform detailed environmental stress analyses of the SSME

HPOTP housing flange areas at full power level (FPL). Operational conditions of FPL, and the

associated environments and loads, were therefore provided by NASA/MSFC, Rocketdyne division



of Rockwell International,and LockheedMissilesand SpaceCompanyfor the numericalsimula-
tion. In the presentanalysis, the FPL thermaland pressureloadsand housingflangebolt preloads
were takenas operationalconditions.In this analysis,temperatureinput was obtainedfrom an
ANSYS steady-statethermal analysisperformedby Lockheed.The temperaturesfrom the Lockheed
analysiswere given in reference[3]. Pumphousingpressuresprovidedby Rocketdyneare shownin
figure 17and table I. The TMPINT commandof the AUXI in ANSYS was thenusedto interface
a Lockheedthermal modelwith the presentmodel. The TMPINT commandcausedtemperaturesto
be interpolatedfrom the Lockheedmodel for the currentmodel. As a result of temperature
interpolationbetweentwo models,the temperaturedistribution for sectionCC of the primary
turbine is shownin figure 18 with largethermalgradientsindicated.The flange bolt preloads
(providedby Rocketdyne)werealso appliedto the currentmodel. Thereare30 bolts on the hous-
ing flangein the actual HPOTPhousing,but 36 bolt holeswere usedin the currentmodelbecause
it wasdifficult to introduce30 bolt holeson the Lockheedmodel. Ultimate strengthof a flange
bolt was72,780 ib, and maximumpreloadwas69 percentof ultimate strength,which implied that
a total preloadwasequal to 1.5065e6lb for 30 bolts. Therefore, !.8078e6lb for 36 bolts were
appliedto the currentHPOTPhousingmodels.In otherwords, this meansthat 5.0217e4Ib per
bolt wasapplied in both models.The pressureloads(obtainedfrom Rocketdyne)werealso applied
on the pump housing,but the pressuresinside the manifold and drain passagesof the pumphous-
ing were excludedfrom this analysisas its influenceon this analysiswasassumedto be negligible
(fig. 17).

4.0 BOUNDARY CONDITIONS

Displacement boundary conditions for the current HPOTP housing model are shown in

figure 19. Considering an operating condition at FPL, prescribed boundary conditions were applied

to constrain all nodes in two directions (x- and y-displacements) at the base of the model which lie

on a plane where the housing is connected to the dual inlet on the pump. Additional boundary con-

ditions were imposed to prevent a flange motion in the _--direction.

5.0 MATERIAL PROPERTIES

lnconel 718 material property data, obtained from the Rockwell Materials Properties

Manual, were used for the present analysis [6]. The material properties of Young's modulus.

Poisson's ratio, and the coefficient of thermal expansion lot Inconel 718 at a temperature range

fi'om 0 °R to 2000 °R are shown in table 3.

6.0 RESULTS

The 3-D finite element models served for prediction of stresses in the HPOTP housing

flange fillet areas. From the analysis results, it was observed that stresses obtained from the present

models were much below a yield stress of lnconel 718 (150 ksi). The results are presented to show



the stress distribution at the HPOTP housing flange fillet areas under the various loading con-

ditions. It is noted that the stresses in this study are computed by averaging the nodal stress

components and combined stresses of the node being processed for all elements that are connected

to that node [5]. The stress components for the primary turbine drain, secondary turbine drain,

primary oxidizer drain, and secondary oxidizer drain under a preload case are listed in table 2.

However, an equivalent stress based on von Mises yield criterion has been chosen for the purpose

of comparison with each loading case. This equivalent stress is used to compare a multiaxial stress

state with the minimum guaranteed uniaxial material properties. In this study, the effective stress

contours on section CC along the primary turbine drain passage line are made in figures. A

deformed shape for section CC (0 = 146 °) of the primary turbine drain passage line is also made in

figures. In the displacement figures, the dashed line represents an undeformed geometry.

6.1 Analysis Model Under Housing Flange Bolt Preloads

Under this loading condition, adeformed geometry for section CC (0 = 146 °) of the primary

turbine drain passage is shown in figure 21. The stress contour on the same section of'the primary

turbine drain passage is presented in figure 20. From this analysis, it was found that a large bend-

ing occurred in the tipper flange as shown in figures 20 and 21. In figure 21, the stress values

ranging from 36,265 psi to 54,020 psi of an equivalent stress at the flange fillet area, where the
cracks have occurred, were observed. No stresses as high as the Inconel 718 yield stress (150 ksi)

were shown at this region.

6.2 Analysis Model Under Pressure Loads

In figure 22, considerable deformations have been observed at the primary oxidizer mani-

fold, axial drain hole, and primary turbine manifold areas. The stress contour presented in figure

23 shows a stress of 4,387 psi at the flange strut fillet region. As can be seen, no high stresses

have been found at the flange crack area.

6.3 Analysis Model Under Thermal Loads

Figure 24 shows a considerable defornaation at the primary turbine manifold but small defor-

mations at the fillet region. However, an overall expansion in the drain passage section has been

observed under this loading case. In figure 25, it has been observed that the ski slope area is high-

ly stressed by ranging from 85,196 psi to 101,606 psi. However, at the flange fillet section, a

stress of 35,965 psi has been observed. The temperature distribution in section CC is presented in

figure 18. Compared to the other sections, higher stresses were observed in sections CC and AA.

6.4 Analysis Model Under Flange Bolt Preload Plus Pressure Load

In this loading condition compared to the pressure loading case of section 6.2, a dis-

placement direction change was observed at the upper flange, and as can be seen in figure 26 a

small deformation occurred in general except in the upper flange area. In figure 27, stresses rang-

ing from 36,492 psi to 53,876 psi at the flange fillet were observed.



6.5 Analysis Model Under Flange Bolt Preload Plus Thermal Load

As seen in figure 28, no significant deformation has been indicated at the flange fillet area

under this loading case even though a considerable deformation has been observed in an individual

loading case due to thermal load and preload. Figure 29 shows an equivalent stress ranging from

42,446 psi to 61,797 psi at a thin flange section.

6.6 Analysis Model Under Thermal Load Plus Pressure Load

This simulation case has been taken as an operational loading condition neglecting an effect

of the housing flange bolt preloads. This loading case produced 24,075 psi at the flange fillet. Also

as indicated in figure 30, section CC was confirmed in the highest stressed region even though the

flange preloads were ignored. In figure 31, the significant deformations have also been observed in

the primary turbine manifold and drain exit hole regions.

6.7 Analysis Model Under Flange Bolt Preload Plus Thermal Load Plus Pressure
Load

This final load case has been taken to determine the effect of preloads on the flange in the

main pump housing under actual operational condition at FPL. As indicated in figure 32, compared

with the case of section 6.6, more flange bending has occurred. A stress of 49,440 psi has been

observed at the tqange fillet in figure 33. Compared to the case of section 6.6, this case produced

more than 200-percent increase in stress at the flange fillet. From this comparison, it was deter-

mined that the flange bolt preload yielded significantly different results under actual operational

condition of FPL even though there appeared to be a fairly low stress at the tlange fillet section

with respect to the lnconel 718 yield stress (150 ksi).

7.0 CONCLUSIONS AND DISCUSSIONS

The SSME HPOTP contains several components that are highly stressed. In the present

analysis, the HPOTP housing has been of particular concern because of the detection of cracks on
the flan,,e fillets in the housin,, Whether these cracks occur as a result of fatieue stresses due to

the engine installation process or from residual stresses due to the manufacturing process, they

must be repaired. The prcsent analysis reveals that an effect of the flange bolt preloads in the

HPOTP main housing can be very significant in stress distribution at the sharp flange fillet section

on primary turbine drain passage lines of the HPOTP main housing. In addition to this revelation.

a fairly comfortable margin of stresses at the t]ange fillet with respect to the yield stress of Inconel

718 is shown in this analysis. However, since it has been believed that the HPOTP housing flange

crz_cks are due to local yielding during the HPOTP installation into the SSME engine powerhead,

the coarseness of finite elements and a simplification of the actual hardware in the present finite

clement modeling should be further refined in a future analysis.



Table 1. Applied pressure on HPOTP housing model.

Nunlber

in Figure I1 Description Pressure (psia)

I

,.)

3

4

Mixed Coolant Manifold

Reflector Cavity

Second Stage Turbine

Disk Aft Cavity

Bealing Support:Cartridge
hltelface

5,682.0

3,679.0

3,680.0

548.0

AA

(0=26 °)

!DD

(0=86 °)

0{2

(0= 146 °)

DD

(o=166 ° )

NN

(0=216°)

NN

(0=286°)

BB

(0=3460 )

Table 2. Stress components of primary turbine drain, secondary turbine

drain, primary oxidizer drain, secondary oxidizer drain under

flange bolt preload at crack location, unit = psi.

SIGE SIG1 SIG2 SIG3 [ Sx Sy Sz Sxy Syz

26,750 - -25,390 - -43,680 ~ -73.629 -45,73t - -43,672 - -61.981 -534 ~ -534

52.930 -7,543 -25,347 -28,050 -24,944 323 599

27,003 - -25.417 ~ -43,1M3 - -73.781 -45.768 - -43,633 - -62.106 -512 - -578

53,110 -7,537 -25,293 *28.080 -24,921 303 556

27.388 - -25,771 - -44.545 - -74,845 -46.802 - -44,598 - -62.831 [-760 - -481

54.020 -7,657 -25,957 -28,773 -25,417 -167 435

27,423 - -25,736 - -44,532 - -74,953 -46,828 ~ -44,597 - -62.768 183 - -463

54,090 -7,607 -25.935 -28,793 -25,407 762 454

26,950 - -25.426 ~ -43.649 --73,726 -45,772 - -43,639 ~ '-62,062 -673 - -628

53;073 -7,547 -25,301 !-28.084 -24,899 693 504

26.915 - -25,390 -!-43,662 - -73,622 -45,734 - -43,654 - -61,977 -507 - -530

53,012 -7,543 -25,329 -28,051 -24,928 326 602

26,946- -25.425- -43,682- -73,721 -45.755- -43,672 ~ -62.064 -533 ~ -626

53.066 -7,548 -25,352 -28,067 -24.949 300 506

Sxz

-13.878

-13,919

-14,201

-14,166

-13,897

-13,879

-13,896



Table 3. Temperature dependent material properties.

0 OR 400 OR 800 OR 1200 °R 1600 °R 2000 °R

E 3.01e7 2.98e7 2.9e7 2.7e7 2.45e7 2.15e7

(psia) o,
v 0.22 0.285 0.29 0.28 0.29 0.37

7.6e-6
O_

(in/in/°

R)

8.0e-66.9e-6 8.45e-65.2e-6 9.45e-6
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Exit Hole

Cracks

Pump Housing

Primary Oxidizer
Manifold

Axial Hole

Primary Turbine
Manifold

Figure 7. Components of HPOTP housing model and location of cracks.

Section DD

Section CC

Section

HPOTP Pump Housing Model
Section Locations of Exit Holes

Section NN

Section AA

Section
BB

Figure 8. Locations of drain passage of HPOTP housing.
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Primary Oxidizer
Manifold

Secondary Turbine
Manifold

Primary
Turbine
Manifold

Primary Oxidizer
Axial Hole

Primary Oxidizer
Radial Hole

Secondary Turbine
Radial Hole

HPOTP Pump Housing
Radial Holes and Manifolds

Primary
Turbine
Radial Hole

Figure 9. Radial holes and manifolds of HPOTP housing.

Primary Turbine Radial Holes

Figure 10. Locations of turbine radial holes in HPOTP.

15



SecondaryTurbineRadialHoles

Figure I1. Locations of secondary turbine radial holes.

Primary Oxidizer Radial Holes

Figure 12. Locations of primary oxidizer radial holes.
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Primary Turbine
Exit Hole

Primary
Turbine
Axial Hole

Primary
Turbine
Manifold

Primary Oxidizer
Manifold

HPOTP Pump Housing Model
Section AA ( 0 = 26 °)

Figure 13. Section AA of HPOTP housing.

Secondary Turbine
Exit Hole

Secondary
Turbine
Axial Hole

Secondary
Turbine
Manifold

Primary Oxidizer
Manifold

HPOTP Pump Housing Model
Section DD (e = 86 )

Figure 14. Section DD of HPOTP housing.
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Primary Oxidizer
Exit Hole

Primary Oxidizer
Axial Hole

Primary Oxidizer
Manifold

HPOTP Pump Housing Model
Section NN (e = -114 ° )

Figure 15. Section NN of HPOTP housing.

Figure 16. Cutaway view of HPOTP housing from pump toward to turbine end.
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Reflector Cavity

Mixed Coolant
Manifold
(not modeled)

Second
Stage
Turbine Disk
Aft Cavity

Figure 17. Locations of pressurized surfaces in HPOTP housing model.
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370 848

517 158

809 777
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THERMAL LOAD

Figure 18. Temperature distributions of section CC.
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Y

X Z

Figure 19. Coordinate systems and boundary conditions used in HPOTP
housing analysis models.

9633

18511

[----] 27388

36265

45143

54020

62897

71775

80652

PRELOAD

Figure 20. Stress distribution of flange bolt preload at section CC.
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Deformation of section CC on undeformed section under

flange bolt preload.

Figure 22. Deformation of section CC on undeformed section under

applied pressure loading.
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_ 7909
11431

14953

18475

21997

25519

29041
32563

PRESSURE ONLY ON SKI AND DISK AFT i

Figure 23. Stress distribution of section CC under applied pressure loading.
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Figure 24. Deformation of section CC on undeformed section under thermal load.
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THERMAL LOAD

Figure 25. Stress distribution of section CC under thermal loading.

Figure 26. Deformation of section CC on undeformed section under

flange bolt preload plus applied pressure load.
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Figure 27. Stress distribution of section CC under flange bolt preload

plus applied pressure load.
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Figure 28. Deformation of section CC on undeformed section under flange
bolt preload plus thermal load.
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Figure 29.

PRELOAD + THERMAL LOAD

Stress distribution of section CC under flange bolt preload

plus thermal load.
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Figure 30. Stress distribution of section CC under applied pressure

plus thermal load
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Figure 3I. Deformationof sectionCC on undeformedsectionunderapplied
pressureplus thermalload.

Figure 32. Deformationof sectionCC on undeformedsectionunderapplied
pressureplus thermalload plus flangebolt preload.
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Figure 33. Stress distribution of section CC under applied pressure

plus thermal load plus flange bolt preload.
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